Inadequate antimicrobial therapy for infections has been defined in multiple ways, including (1) microbiological documentation of an infection that was not being effectively treated at the time of its identification; (2) absence of antimicrobial agents directed against a specific class of microorganisms; and (3) administration of an antimicrobial agent to which the microorganism responsible for the infection was resistant. 1, 2 In addition, the absence of antimicrobial therapy for a confirmed infection is also considered to represent inadequate antimicrobial therapy. 1 Several studies have demonstrated a correlation between adequate empiric antimicrobial therapy for bloodstream infection (BSI) and low mortality rates in adult patients. [3] [4] [5] [6] Identified risk factors for the administration of inadequate empiric antimicrobial therapy in patients with BSI include prior administration of antibiotics, presence of central venous catheters, infection due to Staphylococcus aureus, and infections due to antibioticresistant pathogens (Candida species, methicillinresistant, vancomycin-resistant Enterococcus, and coagulase-negative staphylococci). [6] [7] [8] However, there are no data on the relationship between the adequacy of empiric antimicrobial therapy and the outcomes of nosocomial BSIs in neonatal patients. Because neonates and adults have different anatomies, physiologies, and underlying diseases, as well as patterns of antibiotic use and antimicrobial resistance, specific studies of the outcomes of inadequate empiric antimicrobial therapy in neonates are needed.
We performed a prospective cohort study to determine the rates and microbiology of nosocomial BSI, patterns of antibiotic use, and relationship between the adequacy of prescribed empiric antimicrobial therapy for nosocomial BSI and clinical outcomes in a neonatal intensive care unit (NICU).
OBJECTIVE:
To evaluate antimicrobial use and the influence of inadequate empiric antimicrobial therapy on the outcomes of nosocomial bloodstream infections (BSIs).
DESIGN: Prospective cohort study with nested case-control analysis.
SETTING: Neonatal intensive care unit (NICU). METHODS: All patients weighing 2,000 g or less were enrolled. Data collection included risk factors for nosocomial BSI, admission severity of illness, microbiology, antimicrobial therapy, and outcomes. Inadequate empiric antimicrobial therapy was defined as the use of antibiotics for more than 48 hours after the day that blood cultures were performed that did not cover the microorganisms causing the bacteremia or administration of antibiotics that failed to cover resistant microorganisms.
RESULTS: Two hundred twenty-nine patients were enrolled. Forty-five developed nosocomial BSIs. The BSI rates were 11.2, 2.8, and 0 per 1,000 catheter-days for patients weighing 1,000 g or less, between 1,001 and 1,500 g, and between 1,501 and 2,000 g, respectively. After adjustment for severity of illness, the mortality in patients with nosocomial BSI receiving inadequate empiric antimicrobial therapy was higher than in those receiving adequate therapy (adjusted odds ratio [ 
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METHODS
Setting and Empiric Antimicrobial Therapy
St. Louis Children's Hospital is a 235-bed, tertiarycare center affiliated with Washington University School of Medicine. St. Louis Children's Hospital has a level-III, 52-bed NICU with 700 to 750 admissions per year and an average census of 50 patients. The NICU staff includes 3 neonatologists, 2 newborn medicine fellows, and 5 pediatric house staff and nurse practitioners. The estimated patient-to-nurse ratio is 2 to 1. In this NICU, ampicillin and aminoglycosides are generally used for empiric treatment of patients with clinically suspected sepsis within the first 7 days of life. Vancomycin and aminoglycosides are administered to patients with clinically suspected sepsis after the first 7 days of life. For patients who were previously infected with specific pathogens, empiric antimicrobial therapy was modified to cover for those pathogens in addition to the standard spectrum of antimicrobial coverage within or after the first 7 days of life.
Patients
From October 1, 2000, to July 31, 2001, all patients with a birth weight of 2,000 g or less admitted to the NICU for longer than 48 hours were included in the study. Patients transferred to the NICU from an outside hospital were included as long as their birth weight was 2,000 g or less, even if their weight on admission to the NICU was more than 2,000 g. The development of nosocomial infection was monitored from the day of admission until discharge from the NICU. If the patients were discharged to another St. Louis Children's Hospital location or to the nurser y of an affiliated university hospital (Barnes-Jewish Hospital), they were observed for an additional 48 hours. Approval was obtained from the institutional review boards of Washington University and St. Louis Children's Hospital prior to the initiation of the study.
Study Design and Data Collection
A prospective cohort study design was used with a subsequent nested case-control study. Patients with nosocomial BSIs were classified according to the adequacy of their empiric antimicrobial therapy, with NICU mortality as the main outcome variable. Another outcome measured was the length of stay in the NICU. For the purposes of this investigation, inadequate empiric antimicrobial therapy for nosocomial BSI was defined as the use of antibiotics for longer than 48 hours following the day that the blood cultures were performed that did not have efficacy against the identified microorganisms. Inadequate antimicrobial therapy included the absence of antimicrobial agents directed at the specific class of recovered microorganisms or administration of ineffective antimicrobial agents due to the microorganisms' drug resistance patterns. One of the authors (AA), an infectious diseases fellow, reviewed medical records to confirm that these neonates had received inadequate empiric antimicrobial therapy for longer than 48 hours.
Medical records, including charts, daily flow sheets, and laboratory and radiographic reports, were prospectively reviewed by one of the investigators (GH-P). For all study patients, the following characteristics were prospectively recorded: gender, race, estimated gestational age, underlying diseases, administration of therapeutic antibiotics, placement of central venous and arterial catheters, ventilator use, invasive procedures, microbiology data (microorganisms and their susceptibility results), length of stay in the NICU, concurrent nosocomial infections, and mortality. Severity of illness on admission was calculated using the Score for Neonatal Acute Physiology-Perinatal Extension (SNAP-PE) derived from the first 24 hours of NICU admission according to the method of Richardson et al. 9, 10 Invasive procedures included patent ductus arteriosus ligation, laparotomy, and chest tube placement. Specific processes of medical care that were examined included the administration of corticosteroids, antacids, and histamine type-2 blockers.
Definitions
A nosocomial infection was defined as an infection not present or incubating at the time of NICU admission, with onset after 48 hours of NICU stay. 11 Isolation of a high-grade pathogen (eg, Pseudomonas aeruginosa or Staphylococcus aureus) in one or more blood culture specimens was considered definitive evidence of bacteremia. In our NICU, only a single blood culture was routinely performed for neonates with intravenous catheters. Therefore, we developed more stringent criteria for the isolation of organisms commonly associated with skin contamination from a single positive blood culture, such as coagulase-negative Staphylococcus. This criterion for primary bacteremia required a diagnosis of sepsis by an attending physician in the NICU if only one positive blood culture was performed prior to the initiation of antibiotics. Secondary BSI was defined as bacteremia due to the presence of a localized infection at another site that occurred within 1 week before the development of the bacteremia or simultaneously.
A bacteremic episode was included as a new episode if a new microorganism was isolated from a blood culture or when the original microorganism was recovered again more than 2 weeks after the first episode with negative blood cultures in the interim. Empiric therapy was considered to be present when antimicrobials were prescribed for fever or other systemic signs of infection such as hypothermia or leukocytosis before identification of the causative microorganisms. Early-onset bacteremia was defined as bacteremia occurring within the first 7 days of life, and late-onset bacteremia was defined as bacteremia occurring after 7 days of life. Crude mortality related to nosocomial BSI was defined as patient death occurring within 7 days of the bacteremia and during treatment for nosocomial BSI.
To identify factors for BSI-related mortality, risk factors were evaluated from the time of NICU admission until the occurrence of the last episode of nosocomial BSI.
To identify risk factors for receipt of inadequate empiric antimicrobial therapy, risk factors were evaluated from admission until the first episode of bacteremia for patients who received inadequate empiric antimicrobial treatment, and from admission until the last episode of bacteremia for patients who received adequate empiric antimicrobial treatment.
Statistical Analysis
A nested case-control method was used to analyze risk factors and outcomes of inadequate antimicrobial therapy. SPSS software (version 10.0; SPSS, Inc., Chicago, IL) was used to analyze the data. Proportions were compared using chi-square or Fisher's exact test as appropriate. Continuous variables were compared by use of the Mann-Whitney U test. All P values were two-tailed. A P value of .05 or less was considered statistically significant. Adjusted odds ratios (ORs) and 95% confidence intervals (CI 95 ) were computed for categorical variables. Multivariate logistic regression was performed to assess the predictive association of inadequate empiric antimicrobial therapy with crude mortality. To identify independent risk factors for inadequate empiric antimicrobial therapy, backward stepwise logistic regression was performed. Variables that were present in more than 10% of the population with a P value of less than .20 or that had a priori clinical significance were entered into the models. Significant variables that were thought to co-vary were grouped, and only one variable from each group was chosen for entry into the model. The final model was chosen on the basis of biological plausibility and by selecting the logistic regression model with the lowest -2 log-likelihood function. ‡ All invasive procedures were performed prior to the first episode of bacteremia. § Includes any anatomy other than normal four-chamber heart with left ventricle and excludes patent foramen ovalae and patent ductus arteriosus. All medications were administered prior to the first episode of bacteremia.
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RESULTS
Cohort Characteristics
Forty-five (20%) of 229 patients who were enrolled in the study developed nosocomial BSI. Two (4%) of the patients were transferred to our institution from outside hospitals prior to the onset of BSI on their second day of life. The median birth weight was 740 g (range, 420 to 1,705 g) and the median gestational age was 26 weeks (range, 22 to 34 weeks). Thirty-four (76%) of the patients had primary BSI only, 5 patients (11%) had secondary BSI only, and 6 patients (13%) had both primary and secondary BSI. Sources of secondary BSI were the respiratory tract (6 of 11; 55%) and urinary tract (5 of 11; 45%). The median rates of BSI were 11.2, 2.8, and 0 per 1,000 catheter-days for patients weighing 1,000 g or less, 1,001 to 1,500 g, and 1,501 to 2,000 g, respectively. The median duration from admission to the first onset of nosocomial BSI was 15 days (range, 2 to 52 days). Twenty-three (51%) of the 45 patients had more than one BSI episode (range, 2 to 5 episodes). Nine patients had invasive procedures performed prior to the first onset of BSI. The median duration from invasive procedure to the first onset of nosocomial BSI was 18 days (range, 5 to 53 days). Demographics and clinical characteristics for the cohort of patients are summarized and compared in Table 1 .
There were 90 bacteremic episodes, which occurred in 45 patients. Thirteen episodes (14%) occurred within the first 7 days of life, and 77 (86%) occurred after 7 days of life. Coagulase-negative Staphylococcus (39 of 90; 43%), Candida species (13 of 90; 14%), and Escherichia coli (9 of 90; 10%) were the most common microorganisms isolated from the blood cultures. The distribution of microorganisms according to the time of onset is presented in Table   2 . Fifteen patients had nosocomial infections other than BSIs. Of these patients, 11 developed pneumonia or urinary tract infection due to Pseudomonas species (n = 6), Enterobacter species (n = 3), or Escherichia coli (n = 2), whereas 4 patients developed pneumonia or urinary tract infection due to Pseudomonas species (n = 2), Enterobacter species (n = 1), or Escherichia coli (n = 1) together with candidal urinary tract infection (n = 4). Eleven (73%) of these 15 patients developed secondary BSIs, including 2 (50%) of 4 patients who had candidemia in association with urinary tract infections. The median duration from prior nosocomial infection to onset of secondary BSI was 5 days (range, 1 to 7 days).
Treatment Given and the Adequacy of Therapy
The empiric antimicrobial regimens used in the 90 episodes of BSI are listed in Table 3 . The median duration of antimicrobial therapy for each bacteremic episode was 14 days (range, 4 to 28 days). BSI caused by coagulase-negative Staphylococcus occurred in 18 (40%) of the 45 patients. There was no difference in characteristics or crude mortality among patients who developed BSI due to coagulasenegative Staphylococcus versus non-coagulase-negative microorganisms (P = .56), or among patients who developed early-onset versus late-onset nosocomial BSI (P > .99).
Twenty-one (47%) of the patients had 21 episodes of inadequate empiric antimicrobial therapy. Each patient had one episode of inadequate empiric antimicrobial ther- Table 4 . Twelve patients had delayed receipt of adequate antimicrobial therapy; the median delay was 2 days (range, 2 to 3 days). There was no difference in crude mortality between patients who received delayed versus adequate empiric antimicrobial treatment (OR, 2.6; 5 [42%] of 12 vs 7 [21%] of 33; P = .25).
TABLE 3 EMPIRIC ANTIBIOTIC REGIMENS FOR THE BLOODSTREAM INFECTIONS
Effect of Inadequate Empiric Antimicrobial Therapy
Twelve patients with nosocomial BSI died. Four (33%) of the 12 deaths occurred during therapy for earlyonset bacteremia, and 8 (67%) of the deaths occurred during therapy for late-onset bacteremia. Nine (75%) of the 12 patients had received inadequate empiric antimicrobial therapy. The reasons for inadequate empiric antimicrobial therapy in these patients were absence of antimicrobial agents directed at a specific class of recovered microorganisms on the day that blood cultures were performed (6 of 9; 67%) and institution of antimicrobial treatment that failed to cover antibiotic-resistant microorganisms (3 of 9; 33%). There were 11 microorganisms associated with death in 9 patients (coagulase-negative Staphylococcus The clinical characteristics among survivors versus nonsurvivors of BSI in the NICU are listed in Table 5 . On univariate analysis, inadequate empiric antimicrobial therapy was the only factor associated with mortality (OR, 5.25; 9 [75%] of 12 vs 12 [36%] of 33; P = .02). Because severity of illness was considered to be a potentially important confounder, logistic regression was used to estimate the effect of inadequate antimicrobial therapy on mortality and to adjust for severity of illness. § Includes any anatomy other than normal four-chamber heart with left ventricle and excludes patent foramen ovalae and patent ductus arteriosus. All invasive procedures were performed prior to the last episode of bacteremia. ¶ All medications were administered prior to the last episode of bloodstream infection.
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Inadequate empiric antimicrobial therapy remained significant after adjustment for severity of illness (adjusted OR, 5.3; CI 95 , 1.2 to 23.2; P = .04). We also examined the potentially confounding effects of length of stay in the NICU prior to the onset of BSI and gestational age; they did not materially affect the estimate of the effect (ORs).
Risk Factors for Inadequate Antimicrobial Therapy
The only significant risk factor associated with the administration of inadequate empiric antimicrobial treatment on univariate analysis was nosocomial BSI attributed to Candida species (OR, 6.3; CI 95 , 1.4 to 28.0; P = .02) ( Table 6 ). Multivariate logistic regression was used to identify independent risk factors for inadequate empiric antimicrobial treatment. The final model included candidemia (adjusted OR, 7.1; CI 95 , 1.5 to 33.7; P = .01) and invasive procedure prior to the onset of BSI (adjusted OR, 6.4; CI 95 , 1.0 to 39.0; P = .04). On univariate analysis, prior BSI was the only significant risk factor associated with candidemia (OR, 8.0; CI 95 , 1.6 to 45.2; P = .003). Due to the limitation of the sample size, logistic regression was not performed for candidemia as an outcome.
DISCUSSION
Our study is the first to describe antibiotic use, antimicrobial resistance, and the influence of inadequate empiric antimicrobial therapy on outcomes of nosocomial BSIs in patients in the NICU. This study demonstrated that critically ill patients with BSI in the NICU who received inadequate empiric antimicrobial therapy were significantly more likely to die during their hospitalization compared with those receiving adequate empiric antimicrobial therapy. We also identified BSI caused by Candida species and invasive procedures prior to the onset of BSI as potential risk factors for the administration of inadequate empiric antimicrobial therapy.
According to the data of the National Nosocomial Infections Surveillance System, median BSI rates are 12, 7.3, and 4.7 per 1,000 catheter-days for neonates weighing 1,000 g or less, 1,001 to 1,500 g, and 1,501 to 2,500 g, respectively. 12 In the literature, coagulase-negative Staphylococcus is the predominant organism in all studies, whereas the proportions of other microorganisms vary greatly in each study. [13] [14] [15] [16] [17] [18] [19] In our study, the median rates of nosocomial BSI were similar to those of the National Nosocomial Infections Surveillance System for patients weighing 1,000 g or less, between the 10th and 25th percentile for patients weighing 1,001 to 1,500 g, and at the 0th percentile for patients weighing 1,501 to 2,500 g. The distribution of the microorganisms in our study was similar to that reported by Beck-Sague et al. 14 Several studies of adults have shown a significant reduction in mortality associated with adequate empiric antibiotic treatment, 4, [20] [21] [22] [23] whereas others failed to identify this association. [24] [25] [26] [27] The varying outcomes in these studies might be due to the definitions used for adequacy of empiric antimicrobial therapy. Our results confirmed the association of inadequate antimicrobial therapy with adverse outcomes.
Risk factors for the administration of inadequate empiric antimicrobial therapy to adult patients with BSI are well recognized, [6] [7] [8] but little has been published regarding neonatal patients. The role of invasive procedures prior to the onset of bacteremia is not entirely clear, although this factor may reflect greater severity of illness, which may predispose to colonization and infection with antibiotic-resistant organisms. We confirmed candidemia as a risk factor associated with inadequate empiric antimicrobial therapy, as has been consistently shown in previous adult studies. [6] [7] [8] Although there are no current recommendations for empiric antifungal therapy in neonates, there may be specific groups of patients identified in the future who would benefit from such an approach. 28 There are several limitations to this study. Because it was conducted at a tertiary-care hospital that uses guidelines for empiric antimicrobial therapy for suspected sepsis, our results may not be applicable to other hospitals with lower rates of BSI caused by Candida species or hospitals that do not have guidelines for empiric antimicrobial therapy. Our sample size was not large enough to exclude the possibility of characteristics unique to patients depending on the causative agents of bacteremias or to identify other risk factors associated with inadequate empiric antimicrobial therapy and outcomes. In addition, the large confidence intervals of the ORs make it difficult to estimate the true effect size between risk factors and outcomes. Because all of our patients had a single blood culture performed from a central venous catheter, it was difficult to ascertain whether coagulase-negative staphylococci episodes represented true bacteremias. Most of the patients in our NICU developed late-onset BSI (median onset, 15 days); thus, it is likely that the SNAP-PE score on admission was not as informative as a SNAP-PE score immediately before the onset of BSI. Finally, the observational nature of this investigation did not allow us to detect an absolute causal relationship between the administration of inadequate empiric antimicrobial treatment and specific clinical outcomes including hospital mortality.
Our data suggest that inadequate empiric antimicrobial therapy was associated with adverse outcomes in patients in the NICU. Physicians in the NICU should be able to balance the need to provide adequate empiric antimicrobial therapy with the risk of selecting for resistant microorganisms. Studies on the role of inadequate antimicrobial therapy and outcomes in patients in the NICU are needed.
